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With only hundreds of genes contained within their genomes, mycoplasmas have 
become model organisms for precise understanding of cellular processes, as well as 
platform organisms for predictable engineering of microbial functions for mission-critical 
applications. Despite the availability of "whole genome writing" in Mycoplasma mycoides, 
some traditional methods for genetic engineering are underdeveloped in mycoplasmas. 
Here we demonstrate two facile transposon-mediated approaches for introducing genes 
into the synthetic cell based on M. mycoides. The marker-less approach involves 
preparing a fragment containing only a small genomic region of interest with flanking 
transposase-binding sites, followed by in vitro transposase loading and introduction into 
the cells. The marker-driven approach involves cloning an open reading frame (ORF) of 
interest into a vector containing a marker for mycoplasma transformation, as well as 
sites for transposase loading and random genomic integration. An innovative feature of 
this construct is to use a single promoter to express the transformation marker and the 
introduced ORF The marker-driven approach can be conveniently applied to any exogenous 
or synthetic gene without any information on the effect of the gene on the strain, whereas 
the marker-less approach requires that the fragment has a recognizable effect. Using the 
marker-less method, we found that a region containing the nusG gene rescues a slow 
growth phenotype of a strain containing a larger deletion encompassing this gene. Using 
the marker-driven approach, we better defined this finding, thereby establishing that nusG 
is required for a normal growth rate in synthetic M. mycoides. These methods are suitable 
for complementation tests to identify genes responsible for assorted functions lacking in 
deletion mutants. These approaches are also expected to facilitate rapid testing of various 
natural and engineered genes or gene clusters from numerous sources in M. mycoides. 
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INTRODUCTION 

The ability to insert, delete, and mutate genes forms the basis 
of genetic engineering. Organisms with facile tools for these 
operations have served as model organisms and helped uncover 
numerous universally applicable principles pertaining to bio- 
logical processes. However, established model organisms like 
Escherichia coli and Saccharomyces cerevisiae have thousands of 
genes. Although there have been some advances in systemati- 
cally characterizing these genes (Winzeler et al., 1999; Baba et al., 
2006; Hillenmeyer et al, 2008; Costanzo et al., 2010), elucidating 
how these genes function together as a system to sustain a liv- 
ing organism is not a simple task. In contrast, mycoplasmas have 
only hundreds of genes in their genomes, yet they are still axenic 
organisms. As a consequence, the genetic combinatorics needed 
to understand almost any biological process is much simpler in 
mycoplasmas than in other microbes. This characteristic makes 



mycoplasmas uniquely suited for studies aimed at a complete 
understanding of a cellular system (Smith et al., 2008). 

Mycoplasmas are arguably the most advanced bacteria in 
the field of genomics (Karr et al., 2012; Karas et al, 2013; 
Maier et al., 2013; Guell et al., 2014). Mycoplasma genital- 
ium was one of the first two bacteria to have the whole 
genome sequenced (Fraser et al, 1995). M. genitalium and 
Mycoplasma mycoides were the first two organisms to have the 
whole genome "written" (Gibson et al., 2008, 2010). In this 
process, the sequence designed in a computer was used to 
make synthetic DNA fragments. These fragments were hierarchi- 
cally assembled to generate a complete genome. The assembled 
genome of M. mycoides was then rebooted in recipient cells of a 
closely related mycoplasma species to generate a "synthetic cell" 
(JCVI-synl.O) controlled solely by the artificial donor genome 
(Lartigue et al., 2007; Gibson et al., 2010). This method can 
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FIGURE 1 | Diagram depicting the genomic region, deletion and 
complementation fragments examined in this study. The genomic 
region contains nine genes indicated with arrows: (1) MMSYN1_0839, (2) 
nusG, and (3-9) MMSYN1_0841- MMSYN1_0847. The orientation of each 
gene is indicated (right-pointing arrow denotes a clock-wise direction in the 
genome). The deletion removes seven genes shown in green (genes 2-8), 
starting with the initiator codon of gene 2 and ending with the stop codon 
of gene 8. Complementation fragment 1 includes gene 1, gene 2 and their 
corresponding upstream and downstream intergenic regions. This 
complementation fragment was used in a marker-less approach (see 
Figure 2). Complementation fragment 2 includes only the ORF of gene 2. 
This fragment was combined with an expression vector and used in a 
"marker-driven" approach. 



be used to create almost any sequence within the mycoplasma 
genome. 

The whole genome writing method enables the precise 
introduction of changes throughout the genome, but because 
it requires multiple procedures for manipulating large DNA 
molecules, it is not the most efficient method for introducing a 
gene or two to evaluate their function in a strain. When chal- 
lenged with this simple task, mycoplasma research suffers from 
the shortage of tools (Halbedel and Stulke, 2007). For exam- 
ple, plasmid systems have been developed in only a few selected 
species (Lartigue et al., 2003; Breton et al., 2012). There have also 
been only a few expression systems developed so far (Dybvig et al., 
2000; Horino et al, 2009; Allam et al, 2010; Chang et al, 2011). 
Targeted knockout is also inefficient. Therefore, the development 
of facile tools in mycoplasmas that synergize with the genome 
synthesis method is expected to greatly accelerate the advance of 
systems biology research. 

One effort in the mycoplasma field is to classify genes into 
essential genes and non-essential genes using transposon- 
mediated mutagenesis followed by sequencing (Hutchison et al., 
1999; Glass et al, 2006; Hasselbring et al, 2006; French et al, 
2008; Mutaqin et al, 2011; Maglennon et al, 2013; Sharma et al, 
2014). However, even under saturating conditions, assignment of 
a gene's essentiality can be ambiguous. Based on one such study in 
JCVI-synl.O (Suzuki et al., in preparation), a deletion of a 7-gene 
cluster (termed cluster L) containing the genes MMSYN1_0840 
(nusG), MMSYN1_0841, MMSYN1_0842, MMSYN1_0843, 
MMSYN1_0844, MMSYN1_0845 and MMSYN1_0846 was 
generated (Figure 1). This deletion unexpectedly resulted in a 
slow growth phenotype. To specifically associate this mutant 
phenotype with one or more of the genes within cluster L, 
further analysis is needed. Testing single-gene knockouts is a 
possibility, but potential operon arrangement among the genes 
may confound such an attempt, requiring elaborate reorgani- 
zation of sequences to avoid the perturbation of neighboring 
genes. Because designing reorganized sequences is not always 
straightforward, a few variants of a genomic construct may 
need to be tested for each knockout. If a single-gene knockout 
does not reproduce the phonotype resulting from the cluster 
deletion, combinations of deletions may need to be tested. In 
this case, the number of constructs to be tested could become 
as high as 128 (= 2 7 ). Genome synthesis or engineering via 
DNA assembly in yeast can be used to incorporate these changes, 
but the associated processes for handling large DNA fragments 
can be prohibitively labor-intensive. Therefore, when numerous 
changes confined to a specific region or a small set of genes are 
tested, direct engineering within mycoplasmas may be more 
efficient. 

In this paper, we demonstrate two simple approaches for 
introducing genes into synthetic M. mycoides using a system for 
reconstituting active transposon complexes in vitro (Goryshin 
and Reznikoff, 1998; Reznikoff et al, 2004; Mutaqin et al., 2011). 
One method involves making a single PCR product or a synthetic 
DNA fragment for direct introduction into the genome. The other 
involves combining a PCR product or a synthetic gene with a vec- 
tor that provides all of the elements required for introduction and 
expression of the inserted gene. We have successfully used these 



methods to establish that deletion of the nusG gene encoding a 
protein associated with RNA polymerase results in the observed 
loss-of-fitness phenotype. 

MATERIALS AND METHODS 

BACTERIAL STRAINS AND GROWTH CONDITIONS 

Mycoplasma mycoides strains JCVI-synl.O (Gibson et al., 2010) 
and JCVI-synl.O AL (Suzuki et al., in preparation) were 
grown in SP-4 liquid medium (Karas et al., 2014) or SP-4 
solid medium (containing 1% agar and 150mg/L X-gal). AL 
denotes the replacement of the genes MMSYN1_0840 (nusG) - 
MMSYN1_0846 with a deletion cassette containing the KanMX4 
marker (Wach et al, 1994). For marker-driven complementation, 
the solid medium also contained 10 mg/L puromycin. 

PREPARATION OF TRANSP0S0MES 

For the marker-less approach, a 1700-bp fragment was amplified 
using PrimeSTAR GXL DNA Polymerase (Takara). This fragment 
included a 1642 -bp genomic region flanked by 19-bp mosaic ends 
(Epicenter), as well as 5 base pairs to create a PshAl restriction 
site and 5 bp of random bases to enable PshAI cleavage at either 
end (Supplementary Figure 1). The primers are described below. 
The PCR product was purified using Qiagen PCR Purification 
Kit and digested with PshAl restriction enzyme (New England 
Biolabs). The digested fragment was purified using extraction 
with phenol, chloroform and isoamyl alcohol (Sigma) and con- 
centrated using ethanol precipitation. The concentration of DNA 
was adjusted to 100ng/uX in Tris EDTA (TE) buffer. 2 |xL of 
the digested and purified fragment was mixed with 2 (jlL of 
100% glycerol and 4 (xL of EZ-Tn5 Transposase (from EZ-Tn5 
<TET-1> Insertion Kit, Epicenter) and incubated for 30min 
at room temperature to prepare Tn5 transposomes. 4 |xL of the 
resulting mixture was used for mycoplasma transformation (see 
below). 
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For the marker-driven approach, the pLS-Tn5-Puro vector 
was constructed first. For this construction, a Ptuf::pac cas- 
sette was amplified from the pRK78 plasmid (gift from R. 
Krishnakumar) using the Tn-puro-F and Tn-puro-R primers (see 
Primers below), as well as Phusion High-Fidelity PCR Master Mix 
(New England Biolabs). This PCR product was used as a template 
in a PCR reaction with the primers Ter-puro-F and Ter-puro-R to 
attach terminator sequences to the ends of the Ptuf::pac cassette 
(Supplementary Figure 2). The resulting fragment was cloned 
into the Smal cloning site of the EZ-Tn5 pMOD2 <MCS> vector 
(Epicenter) to produce the pLS-Tn5-Puro vector. 

A fragment containing the open reading frame (ORF) 
of nusG (642 bp), as well as flanking 40-bp sequences with 
homology to the pLS-Tn5-Puro vector, was generated using 
PCR with the primers described below and genomic DNA of 
M. mycoides JCVI-synl.O as a template (Supplementary Figure 
3). A linear fragment containing the pLS-Tn5-Puro vector 
(3350 bp) was prepared using PCR with primers listed below. 
Gibson assembly (Gibson et al, 2009) was then performed 
to combine the insert and the vector. The products from the 
assembly were introduced into E. coli to establish a plasmid. 
Three out of ten colonies tested had the correct assembly 
as assayed using digestion with PshAl. Digested DNA sam- 
ples from these correct colonies were pooled, purified using 
extraction with phenol, chloroform and isoamyl alcohol and 
concentrated using ethanol precipitation. The purified frag- 
ments adjusted to lOOng/uX were used to prepare Tn5 trans- 
posomes as described above. 4 |xL was used for mycoplasma 
transformation. 

For the Tn5 protection experiment, the pLS-Tn5-Puro was 
digested with PshAl. Digested DNA was purified using extrac- 
tion with phenol, chloroform and isoamyl alcohol and concen- 
trated using ethanol precipitation. 2 |iL of the purified fragments 
adjusted to 400ng/u,L was combined with 2 u,L of 100% glyc- 
erol and 4 |xL of EZ-Tn5 Transposase. After vortexing and 30-min 
incubation at room temperature, 4 u,L was used for mycoplasma 
transformation. 

MYCOPLASMA TRANSFORMATION 

Twenty mL of mycoplasma culture at approximately pH 7 was 
centrifuged at 9000 RCF for 8min at 10°C in a 50-mL Falcon 
tube. After the supernatant was decanted, the cells were resus- 
pended in 20 mL of S/T buffer (0.5 M sucrose, 10 mM Tris- 
HC1; pH = 6.5) and centrifuged as before. The supernatant was 
decanted, and the residual solution was removed using a 1-mL 
pipette tip. The pellet was then gently resuspended in 750 |xL 
of 0.1 M CaCfi and incubated for 30min on ice. 250 (xL of the 
solution containing the prepared cells was transferred to a 50- 
mL Falcon tube containing 4 uX of the transposome solution. 
The cells and the transposomes were mixed by triturating a 
few times using a 1-mL tip. 2mL of 70% PEGeooo (polyethy- 
lene glycol; Sigma-Aldrich; cat. no. 25322-68-3) dissolved in S/T 
buffer (see following paragraph for preparation) was added to 
the tube, and the transformation mixture was triturated a few 
times using a 10-mL pipette and incubated at room temperature 
for 2 min. After the incubation, 20 mL of S/T buffer was added 
to the cells. The cells were dispersed by inverting the tube 5-7 



times and centrifuged at 10,000 RCF at 10°C for 15 min. The 
supernatant was removed first by decanting and then by pipet- 
ting out the residual solution using a 1-mL tip. The pellet was 
not visible, but was present. The cells were resuspended in 15 mL 
(marker-driven approach) or 20 mL (marker-less approach) of 
SP4 medium using a 10-mL pipet and incubated for six hours 
(marker-driven approach) or 24 h (marker-less approach) at 
37° C. In the marker-driven approach, 500 [iL of the culture was 
plated on SP-4 agar medium containing 10 mg/L puromycin and 
incubated at 37° C. Colonies appeared in 2-4 days. In the marker- 
less approach, the culture was passaged as described in Figure 4 
below. 

Because 70% PEG6000 is solid at room temperature, we first 
dissolved it by heating in a water bath at 50° C for a few hours with 
thorough mixing by inverting. After this, 35 mL of the solution 
was added to a fresh 50-mL Falcon tube which was placed in a 
250-mL beaker filled with 37° C water. This was allowed to stand 
at room temperature for 15 min prior to addition to the sample 
containing cells and transposome. 

PCR ANALYSIS OF MYCOPLASMA TRANSFORMANTS 

Fast-growing mycoplasma cells from complementation experi- 
ments were analyzed for the presence of the complementation 
cassettes and the deletion cassette for the L gene cluster using 
primers listed below. Qiagen Multiplex PCR Kit was used for the 
non-multiplex PCR. 1 (xL of the mycoplasma culture was directly 
introduced as a template into a 20-|xL PCR reaction. 

PRIMERS 

The following primers were used in this study. 
Assembly of the pLS-Tn5-Puro vector 

Tn-puro-F ctgtctcttatacacatctcaaccatcatcgatgaattttctcgggtgttct 
cgcatattggctctattttttgaattaagtattaaata 

Tn-puro-R ctgtctcttatacacatctcaaccctgaagctcttgttggctagtgcgta 
gtcgttggcttaagcaccaggttttctagtcatacacca 

Ter-puro-F tttaataataaaaaatcgggatttcccgatttttttgtattttttgaattaag 
tattaaa 

Ter-puro-R tttaataataaaaaatcgggatttcccgatttttttgttaagcaccaggttt 
tctagtc 

Amplification of the complementation fragment for the marker- 
less approach 

Forward primer gcatcgacagctgtctcttatacacatctttttttaattaaaataaa 
tacatatataata 

Reverse primer attaagacagctgtctcttatacacatctatttaatactccttaaac 
aatatttttatgt 

Amplification of the insert for the marker-driven approach 
Forward primer tcctagaacttggtgtatgactagaaaacctggtgcttaaatga 

cttatgaagaaatcaa 

Reverse primer ccctttaataataaaaaatcgggatttcccgatttttttgttaatatt 

ctttaataggtt 

Amplification of pLS-Tn5-Puro for the marker-driven approach 
Forward primer caaaaaaatcgggaaatcccgattttttattattaaaggggatc 

ctctagagtcgacctg 

Reverse primer ttaagcaccaggttttctagtcatacaccaagttctaggaccttca 

ggaacttcaacatc 

Confirmation of the left deletion junction in JCVI-synl.O AL 
(Supplementary Figure 4 ) 
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TEFterm_seq atatggtattgataatcctg 
MMSYN 1_0840_GTOF tgaactggatcaggaagtttagg 
Confirmation of the right deletion junction in JCVI-synl.O AL 
(Supplementary Figure 4) 

TEFpr_seq atgcaaatgattatacatgg 

MMSYN 1_0846_GTOR ggattgtctcctgtacaattcaga 

CALCULATION OF GROWTH RATES 

Growth rates were determined by quantifying the increase in 
cell-associated nucleic acid in logarithmic-phase liquid cultures 
grown statically in SP-4 medium at 37°C (to be published 
elsewhere). Briefly, overnight cultures were started from seri- 
ally diluted cell suspensions. A suitable culture was selected in 
the morning, diluted and aliquoted into replicate 1.5-mL tubes. 



At selected times, tubes were removed and transferred to ice 
to arrest growth. After final collection, each sample (0.80 mL) 
was underlain with a 0.40-mL sucrose cushion (0.5 M sucrose, 
20 mM Tris-HCl; pH 7.5). Cells were sedimented by centrifuga- 
tion at 16,000 RCF at room temperature for lOmin. Medium 
(with proteins that interfere with the PicoGreen assay) was aspi- 
rated, and the remaining clear cushion was adjusted to 100 u,L. 
Cells were lysed by trituration after adding sodium dodecyl 
sulfate (SDS) to a final concentration of 0.1 % (w/v) in TE 
buffer in a final volume of 150 uX, and the lysate was then 
diluted to 0.01% SDS with TE. To quantify dsDNA (with a lesser 
component of cellular dsRNA), equal volumes (80 uX) of each 
lysate and Quant-iT PicoGreen reagent (prepared as described 
by the manufacturer; Molecular Probes, Life Technologies) were 
mixed in individual wells of opaque black 96-well plates (Costar; 
cat. no. 3915) and incubated at room temperature for 5min. 
Fluorescence was measured using a FlexStation 3 fiuorimeter 
(Molecular Devices) with excitation at 488 nm, emission collected 
at 525 nm, and a cutoff setting of 515 nm. Relative fluorescence 
units (RFU) were plotted as log2(RFU) vs. time (in minutes) and 
the doubling times were calculated from the slopes of exponen- 
tial regression curves (R 2 values shown in the legend for Figure 5 
below) using the formula: doubling time = ln2/exponential 
rate. 

RESULTS 

THE MARKER-LESS APPROACH TO COMPLEMENTATION 

We explored the ability to restore one or a few genes in a deletion 
mutant mycoplasma strain without using whole genome con- 
struction, in order to accelerate the characterization of gene 
functions and the optimization of gene contents for engineering 
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FIGURE 2 | Designer transposons used in a marker-less approach (A) 
and a marker-driven approach (B). Asterisk denotes a 19-bp mosaic end 
recognized by Tn5 transposon. In (A), a query fragment can be generated 
using polymerase chain reaction or prepared as a synthetic DNA fragment. 
In (B), a query ORF is cloned downstream of the pac puromycin resistance 
marker. The start codon of the query ORF immediately follows the stop 
codon of the pac gene (see Supplementary Figure 2). This ORF can be 
amplified from a template or prepared as a synthetic DNA block. The tuf 
promoter that drives the expression of the pac gene also drives the 
expression of the query ORF. T denotes transcriptional terminator. 



Marker-less approach 



Step 1. Prepare a PCR or synthetic fragment flanked by 
19-bp mosaic ends and PshAl restriction sites for 
exposing the mosaic ends. Promoter and terminator 
sequences need to be also included for genes 
contained within the fragment. 



Step 2. Digest with PshAl restriction enzyme, purify the 
digested product, and load Tn5 transposase in vitro. 



Step 3. Transform mycoplasma and grow without 
selection (liquid culture). Serially passage culture every 
12-24 hours and transfer a small subset after each 
passage onto an agar plate. 



Marker-driven approach 



Step 1. Prepare a PCR or synthetic fragment containing 
an open reading frame and flanking 40-bp sequences 
homologous to the ends of the pLS-Tn5-Puro vector. 



Step 2. Prepare a PCR fragment containing the pLS-Tn5- 
Puro vector. 



Step 3. Use Gibson assembly to combine the insert and 
the vector, and transform E. coli with the reaction 
mixture. 



Step 4. Use standard recombinant DNA techniques to 
identify a clone containing a correctly assembled 
plasmid and prepare DNA for it. 



Step 5. Digest with PshAl restriction enzyme, purify the 
digested product, and load Tn5 transposase in vitro. 



Step 6. Transform mycoplasma and select the 
transformantson an agar plate containing puromycin. 



FIGURE 3 | Flow charts of procedures for complementation of mycoplasma mutants using the marker-less approach and the marker-driven approach. 
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FIGURE 4 | Complementation using the marker-less approach. (A) 

Transformed mycoplasma cells were grown without any antibiotic selection 
in liquid culture through three serial passages with the dilution levels and 
culture durations indicated. After a new culture was started, the previous 
culture was stored at 4°C. (B) After the fourth culture, cells from each of 
the four successive cultures were diluted and plated on agar medium (also 
not containing any antibiotic) with X-gal to visualize the colonies. The 
enrichment of fast-growing colonies in later cultures suggests that the 
transformed and complemented cells overtook the population during later 
cultures. 



strains for various purposes. To establish a method for directly 
introducing genes into mycoplasmas that is simple and flexi- 
ble enough to accommodate assorted sequence features possibly 
included within the genes of interest, we applied in vitro reconsti- 
tution of active transposon complexes (Goryshin and Reznikoff, 
1998; Reznikoff et al, 2004) using DNA fragments generated 
in vitro (for example, PCR fragments and synthetic DNA frag- 
ments). 

Among the seven genes deleted in a slow-growing strain of the 
synthetic cell, JCVI-synl.O AL (Figure 1), we considered restor- 
ing the nusG gene because it had the smallest number of trans- 
poson insertions in a transposon bombardment study (Suzuki 
et al., in preparation). The intergenic sequence between the nusG 
ORF and the upstream gene is only 16 bp long and may not 
contain a promoter for nusG. Therefore, we amplified a contigu- 
ous sequence from the original JCVI-synl.O genome containing 
the nusG gene, along with the upstream gene and its 5' flanking 
region to generate a PCR fragment (the "query fragment" shown 
in Figure 2). Within the primers for amplification, we included 
the 19-bp mosaic ends and interlaced PshAI sites for exposing the 
necessary 5'-phosphate at the mosaic ends for transposase loading 
(see Materials and Methods). After loading the Tn5 transposase 
onto the fragment, the reaction mixture was used to transform 
the deletion strain JCVI-synl.O AL. 

Based on the expectation that transformants with a growth 
advantage conferred by the introduced nusG fragment would 
outcompete the untransformed JCVI-synl.O AL cells, we cul- 
tured the transformation mixture without any marker selec- 
tion, relying on selection for fast growers during a regimen 
of cell growth over several generations (Figure 3). We found 
that within two passages, representing roughly 100-fold ampli- 
fication of the initial transformation culture, fast-growing cells 
(putative transformants) became the majority of the population 
(Figure 4). 

To confirm that the fast-growing cells are transformants, 
we isolated colonies and analyzed the genotypes using PCR 
(Supplementary Figure 4). We found that five out of five colonies 
contained the introduced nusG fragment. All of the colonies also 
contained the deletion cassette used to replace the L gene cluster 
within the genome, as assayed using PCR primers amplifying the 
junctions between the deletion cassette and the relevant genomic 
sequence. This result demonstrates the feasibility of marker-less 
transformation for rescuing a slow-growing mutant of synthetic 
M. mycoid.es. 

To examine the growth rate of the rescued mutant in detail, 
we used a PicoGreen method to measure the increase in DNA 
content during culture (see Materials and Methods). DNA con- 
tent is expected to be a more direct indicator of cell number 
than culture pH or redox activity. Unlike measurement of colony 
forming unit or optical density, this method is not affected by 
variable cell aggregation that may happen during mycoplasma 
cultures. From the linear portion of a logarithmic plot, we calcu- 
lated the growth rates (Figure 5). The respective doubling times 
were 62min for JCVI-synl.O, 116min for JCVI-synl.O AL, and 
64min for the complemented clone ML1, indicating that the 
introduced fragment completely restored the mutant growth rate 
to normal. 



THE MARKER-DRIVEN APPROACH TO COMPLEMENTATION 

Because two genes were introduced into the deletion mutant in 
the experiment described above, it is formally possible that the 
upstream gene rather than nusG was responsible for rescuing the 
growth defect of the strain. The most straightforward explanation 
for the rescue by the upstream gene would be that the upstream 
gene is not deleted, but still is perturbed by the deletion of the 
neighboring gene cluster (cluster L), that this perturbation results 
in slow growth and that the activity of the upstream gene is 
restored by the introduction of the fragment containing the two 
genes. 

To clarify the result from the previous experiment and con- 
currently to establish a more general tool for complementation, 
we generated a vector enabling facile expression of any ORF 
in M. mycoides. This vector contains the tuf promoter driving 
the pac puromycin resistance gene and the 19-bp mosaic ends 
interlaced with the PshAI restriction sites for exposing the mosaic 
ends. To efficiently express the introduced ORF, a promoter, ribo- 
somal binding site and a transcriptional terminator would need to 
be also included. Because the transposon insert size was known to 
inversely correlate with transposon efficiency (consistent data are 
presented in Table 1), we took a marker-driven strategy where the 
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introduced ORF is joined with the puromycin marker so that the 
promoter of this marker drives both of these elements. 

An interesting feature of at least some mycoplasma genomes is 
that numerous annotated genes have little or no sequence sep- 
arating them from their adjacent upstream genes. Often there 
is no discernible sequence for a ribosomal binding site for such 
genes. Moreover, while Shine-Dalgarno sequences maybe embed- 
ded in the upstream ORF, an alternative mechanism may exist for 
translating leader-less transcripts in mycoplasmas (Weiner et al., 
2000). Based on the organization of many genes in mycoplasma 
genomes, our design included the placement of an ORF directly 
after the stop codon of the pac puromycin resistance gene. 

Using Gibson assembly (Gibson et al., 2009), we intro- 
duced the ORF of the nusG gene into the developed vector. 
Transformation of the deletion strain using the active transpo- 
son complex generated from this construct resulted in numerous 
puromycin-resistant colonies (Table 1). In addition, we noticed 
that the sizes of the colonies were large when the nusG construct 
was used, whereas the puromycin-resistant colonies were small 
when the vector alone was used. We then found that six out of 
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FIGURE 5 | Restoration of the replication rate of JCVI-synl.O AL by 
inserting complementation fragment 1 (containing nusG) via the 
marker-less approach. The line for JCVI-synl.O (blue) and the line for 
rescued clone ML1 (green) overlap. Doubling times calculated from 
PicoGreen fluorescence (RFU) are 62 min for JCVI-synl.O 
(y = 54.732e°- 0112x , Ft 2 = 0.9951), 64 min for complemented clone ML1 
(y = 58.374e°' 0108x , R 2 = 0.9951), and 116 min for JCVI-synl.O AL 
[y = 31 .425e°- 006 '<, Ft 2 = 0.983). 



Table 1 | Colony counts from complementation of JCVI-synl.O AL 
using the marker-driven approach. 



Mycoplasma 


Transposon content 


Number of colonies 


strain 


and size 


(observed morphology) 


JCVI-synl.O AL 


None 


0 


JCVI-synl.O AL 


Vector only (puroR) 


4575 (small colony size) 




986 bp 




JCVI-synl.O AL 


Vector and nusG (puroR) 


2000 (large colony size) 




1628 bp 





One 30th of the transformation mixture was plated. 



six colonies obtained with the nusG construct were correct trans- 
formants based on the presence of the introduced nusG fragment 
and the deletion cassette in the genome. When a transformant was 
compared to the JCVI-synl.O strain lacking the L deletion, colony 
sizes were indistinguishable (Figures 6, 7). This result confirmed 
that the nusG is required for normal growth of the synthetic 
mycoplasma cell. Moreover, a facile tool for rapidly testing the 
functions of ORFs in synthetic mycoplasma is demonstrated. 

TRANSPOSASE-DEPENDENT PROTECTION OF THE INTRODUCED 
FRAGMENT FROM RESTRICTION 

Because the JCVI-synl.O AL strain contained all six restriction 
systems, it is striking that our small scale transformation (for 
example, with 200 ng of DNA) resulted in numerous colonies. 
Our constructs contained sequences that would be cleaved by the 
restriction enzymes of these systems. To investigate the possibility 
that the transposase loaded onto our DNA material contributed 
to the attenuation of restriction, we compared the transformation 
efficiencies between the JCVI-synl.O strain with the six restric- 
tion systems and a strain, JCVI-synl.O Al-6 (Karas et al., 2013), 
that lacks all of them. When a vector transposon containing only 
the puromycin marker was combined with the transposase and 
introduced into these strains, the transformation efficiency with 
the restriction-capable strain was roughly half of that with the 
restriction-defective strain (Table 2). In contrast, when a naked 
plasmid with an ability to propagate in M. mycoides (to be pub- 
lished elsewhere) was used, the number of colonies was reduced 
by more than 50-fold due to restriction (Table 2). Attenuation 
of restriction may be due to rapid integration of the introduced 
DNA into the genome via transposition or to transposase-bound 
DNA somehow being a poor substrate for restriction enzymes. 
Additional experiments are needed to clarify the mechanism for 
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JCVI-synl.O 




JCVI-synl.O AL 

Complemented clone MD1 
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FIGURE 6 | Comparison of a rescued JCVI-syn1.0 AL clone with the 
positive- and negative-control strains for a clone (ML1) obtained using 
the marker-less approach (A,B) and for a clone (MD1) obtained using 
the marker-driven approach (C,D). (B) and (D) are magnified views of 
colonies in (A) and (C), respectively, showing rescued mutant (top) and 
wild-type JCVI-synl.O (bottom) populations. 
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protection. Nevertheless, the option to introduce DNA fragments 
into strains still containing restriction systems is valuable for 
broadening the spectrum of strains that can be engineered using 
our transposon-mediated methods (for example, to include non- 
laboratory strains). 

DISCUSSION 

Using two new methods for introducing short DNA molecules 
into M. mycoides, we have shown that the nusG gene encoding 
a protein that interacts with RNA polymerase is required for 




FIGURE 7 | Colony phenotypes associated with nusG deletion and 
rescue. (A-C) Individual colonies were photographed 72 h after plating on 
agar medium from sparse fields where colony growth would be unaffected 
by neighboring colonies. Colonies represent (A) JCVI-syn1.0, (B) 
JCVI-syn1.0 AL, and (C) complemented clone ML1. (D) represents a field of 
colonies from the second culture in Figure 4, showing the initial 
emergence of the faster growing colonies among the more prevalent 
smaller colonies within the population derived from transformation of 
JCVI-syn1.0 AL using the marker-less approach. Centers of colonies display 
the typical mycoplasma "fried-egg" characteristic. Blue color is from 
expression of lacZ in medium containing X-gal (smaller colonies had not yet 
developed color at the time of assay). Bars represent 500 \im. 



normal growth rate in this organism. In E. coli, the nusG product 
is known to have multiple functions related to transcription such 
as enhancement of elongation, termination, and silencing of for- 
eign DNA (Cardinale et al., 2008; Tomar and Artsimovitch, 2013). 
Future efforts are needed to identify the specific nusG defects that 
resulted in the slow growth phenotype in M. mycoides. 

Our first method can be used to directly convert a PCR 
fragment or a synthetic DNA fragment containing almost any 
sequence into an active transposon complex for introduction 
into M. mycoides. Our second method is also straightforward, 
in that a DNA sequence representing any ORF can be rapidly 
introduced into a vector to facilitate the testing of the ORF in 
M. mycoides. To our knowledge, this is the first published study 
using a system for in vitro loading of transposase in mycoplas- 
mas for complementation tests. Moreover, we have found that 
transposase-bound DNA is protected from restriction in our 
study. 

We have observed in the marker-driven approach that the ORF 
of nusG can directly follow the puromycin marker gene in a con- 
struct for conferring full complementing function. There is no 
discernible ribosomal binding site near the start codon of the 
nusG gene. This design may be effective only in mycoplasmas 
where numerous genes in the genomes appear to lack intergenic 
sequences. However, it is possible that more robust expression will 
be generally achieved with the inclusion of a ribosomal binding 
site. Therefore, users of this technology may consider includ- 
ing a ribosomal binding site in a design for a PCR or synthetic 
fragment. 

As more deletion mutants with fitness defects are encoun- 
tered in the study of synthetic M. mycoides, we expect the 
demand for the developed methods to grow. Based on the ease 
of each technique, the throughput should be sufficiently high 
to enable a genome-wide scan of genomic fragments or spe- 
cific ORFs for complementing functions. With the applicability 
to synthetic DNA fragments, the value of our approaches is 
expected to further expand as genetic elements are better defined 
to enable designing of synthetic genes with novel and precisely 
predictable functions. The same approaches are likely to work 
in mycoplasmas other than the synthetic cell and also in other 
bacteria. Therefore, the facile tools developed in this study may 
be applied to advance systems biology studies in numerous 
organisms. 



Table 2 | Protection of transposase-loaded DNA from restriction. 



Experiment Mycoplasma strain pH of culture at harvest Number of mycoplasma colonies after transformation 



Tn5 designer transposome Plasmid No DNA 

(puromycin) 



1 


JCVI-syn1.0 


6.6 


117,000 


7350 


0 




JCVI-syn1.0 A1-6 


6.8 


222,450 


696,000 


0 


2 


JCVI-syn1.0 


6.7 


66,960 


3660 


0 




JCVI-syn1.0 A1-6 


6.7 


106,980 


223,980 


0 



Four hundred nanograms of DNA were used for transposome samples. Four hundred and one hundred nanograms were used in experiments 1 and 2, respectively, 
for plasmid samples. Colony numbers normalized to represent the whole transformation mixtures are shown. The pH values of the cultures used for transformation 
procedures are shown. pH of the medium decreases as mycoplasma cells grow, and the pH range of 6.6-6.8 is roughly associated with late log phase. 



www.frontiersin.org 



July 2014 | Volume 5 | Article 369 | 7 



Karas et al. 



Transposon-mediated complementation in mycoplasma 



ACKNOWLEDGMENTS 

This work was supported by the US Defense Advanced Research 
Projects Agency contracts N66001-12-C-4039 to Yo Suzuki 
and HR0011-12-C-0063 to Hamilton O. Smith and Clyde A. 
Hutchison III. The research group was also supported by the US 
Department of Energy cooperative agreement DE-EE0006109 to 
Yo Suzuki and the Synthetic Genomics, Inc. grant to Hamilton O. 
Smith and Clyde A. Hutchison III. 

SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found 
online at: http://www.frontiersin.org/journal/10.3389/fmicb. 
2014.00369/abstract 

REFERENCES 

Allam, A. B., Reyes, L., Assad-Garcia, N., Glass, J. I., and Brown, M. B. (2010). 
Enhancement of targeted homologous recombination in Mycoplasma mycoides 
subsp. capri by inclusion of heterologous recA. Appl. Environ. Microbiol. 76, 
6951-6954. doi: 10.1128/AEM.00056-10 

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M, et al. 
(2006). Construction of Escherichia coli K-12 in-frame, single-gene knock- 
out mutants: the Keio collection. Mol. Syst. Biol. 2:2006.02008. doi: 10.1038/ 
msb4 100050 

Breton, M., Tardy, R, Dordet-Prisoni, E., Sagne, E., Mick, V., Renaudin, J., et al. 
(2012). Distribution and diversity of mycoplasma plasmids: lessons from 
cryptic genetic elements. BMC Microbiol. 12:257. doi: 10.1186/1471-2180- 
12-257 

Cardinale, C. J., Washburn, R. S., Tadigotla, V. R., Brown, L. M., Gottesman, M. 
E., and Nudler, E. (2008). Termination factor Rho and its cofactors NusA and 
NusG silence foreign DNA in E. coli. Science 320, 935-938. doi: 10.1126/sci- 
ence. 11 52763 

Chang, H. Y., Prince, O. A., Sheppard, E. S., and Krause, D. C. (2011). Processing 
is required for a fully functional protein P30 in Mycoplasma pneumo- 
niae gliding and cytadherence. /. Bacteriol. 193, 5841-5846. doi: 10.1128/JB. 
00104-11 

Costanzo, M., Baryshnikova, A., Bellay, J., Kim, Y., Spear, E. D., Sevier, C. S., 
et al. (2010). The genetic landscape of a cell. Science 327, 425-431. doi: 
10.1126/science.ll80823 

Dybvig, K., French, C. T, and Voelker, L. L. (2000). Construction and 
use of derivatives of transposon Tn4001 that function in Mycoplasma 
pulmonis and Mycoplasma arthritidis. /. Bacteriol. 182, 4343-4347. doi: 
10.1128/JB.182. 15.4343-4347.2000 

Fraser, C. M., Gocayne, J. D., White, O., Adams, M. D., Clayton, R. A., 
Fleischmann, R. D., et al. (1995). The minimal gene complement of 
Mycoplasma genitalium. Science 270, 397-403. doi: 10.1126/science.270. 
5235.397 

French, C. T., Lao, P., Loraine, A. E., Matthews, B. T, Yu, H., and Dybvig, K. (2008). 

Large-scale transposon mutagenesis of Mycoplasma pulmonis. Mol. Microbiol. 

69, 67-76. doi: 10.HH/j.1365-2958.2008.06262.x 
Gibson, D. G., Benders, G. A., Andrews-Pfannkoch, C, Denisova, E. A., Baden- 

Tillson, H., Zaveri, J., et al. (2008). Complete chemical synthesis, assembly, 

and cloning of a Mycoplasma genitalium genome. Science 319, 1215-1220. doi: 

10.1126/science.ll51721 
Gibson, D. G., Glass, J. I., Lartigue, C, Noskov, V. N., Chuang, R. Y, Algire, M. A, 

et al. (2010). Creation of a bacterial cell controlled by a chemically synthesized 

genome. Science 329, 52-56. doi: 10.1126/science.ll90719 
Gibson, D. G-, Young, L., Chuang, R. Y, Venter, J. C, Hutchison III, 

C. A., and Smith, H. O. (2009). Enzymatic assembly of DNA molecules 

up to several hundred kilobases. Nat. Methods 6, 343-345. doi: 10.1038/ 

nmeth.1318 

Glass, J. I., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M. R., Maruf, M., 
et al. (2006). Essential genes of a minimal bacterium. Proc. Natl. Acad. Sci. U.S.A. 
103, 425-430. doi: 10.1073/pnas.0510013103 

Goryshin, I. Y, and Reznikoff, W. S. (1998). Tn5 in vitro transposition. /. Biol. 
Chem. 273, 7367-7374. doi: 10.1074/jbc.273.13.7367 



Guell, O., Sagues, E, and Serrano, M. A. (2014). Essential plasticity and redun- 
dancy of metabolism unveiled by synthetic lethality analysis. PLoS Comput. Biol. 
10:el003637. doi: 10.1371/journal.pcbi.l003637 

Halbedel, S., and Stulke, J. (2007). Tools for the genetic analysis of 
Mycoplasma. Int. ]. Med. Microbiol. 297, 37-44. doi: 10.1016/j.ijmm.2006. 
11.001 

Hasselbring, B. M., Page, C. A., Sheppard, E. S., and Krause, D. C. (2006). 
Transposon mutagenesis identifies genes associated with Mycoplasma pneu- 
moniae gliding motility. /. Bacteriol. 188, 6335-6345. doi: 10.1128/JB. 
00698-06 

Hillenmeyer, M. E., Fung, E., Wildenhain, J., Pierce, S. E., Hoon, S., Lee, W., et al. 

(2008). The chemical genomic portrait of yeast: uncovering a phenotype for all 

genes. Science 320, 362-365. doi: 10.1126/science.ll50021 
Horino, A., Kenri, T, Sasaki, Y, Okamura, N., and Sasaki, T. (2009). Identification 

of a site-specific tyrosine recombinase that mediates promoter inversions of 

phase-variable mpl lipoprotein genes in Mycoplasma penetrans. Microbiology 

155, 1241-1249. doi: 10.1099/mic.0.025437-0 
Hutchison III, C. A., Peterson, S. N., Gill, S. R., Cline, R. T, White, O., Fraser, C. 

M., et al. (1999). Global transposon mutagenesis and a minimal Mycoplasma 

genome. Science 286, 2165-2169. doi: 10.1126/science.286.5447.2165 
Karas, B. J., Jablanovic, J., Irvine, E., Sun, L., Ma, L., Weyman, P. D., et al. 

(2014). Transferring whole genomes from bacteria to yeast spheroplasts using 

entire bacterial cells to reduce DNA shearing. Nat. Protoc. 9, 743-750. doi: 

10.1038/nprot.2014.045 
Karas, B. J., Jablanovic, J., Sun, L., Ma, L., Goldgof, G. M., Stam, J., et al. (2013). 

Direct transfer of whole genomes from bacteria to yeast. Nat. Methods 10, 

410-412. doi: 10.1038/nmeth.2433 
Karr, J. R., Sanghvi, J. C, Macklin, D. N., Gutschow, M. V., Jacobs, J. M., Bolival, 

B. Jr., et al. (2012). A whole-cell computational model predicts phenotype from 
genotype. Cell 150, 389-401. doi: 10.1016/j.cell.2012.05.044 

Lartigue, C, Blanchard, A., Renaudin, J., Thiaucourt, E, and Sirand-Pugnet, 
P. (2003). Host specificity of mollicutes oriC plasmids: functional analy- 
sis of replication origin. Nucleic Acids Res. 31, 6610-6618. doi: 10.1093/nar/ 
gkg848 

Lartigue, C, Glass, J. I., Alperovich, N., Pieper, R., Parmar, P. P., Hutchison III, 

C. A., et al. (2007). Genome transplantation in bacteria: changing one species 
to another. Science 317, 632-638. doi: 10.1126/science.ll44622 

Maglennon, G. A., Cook, B. S., Deeney, A. S., Bosse, J. T, Peters, S. E., Langford, 
P. R., et al. (2013). Transposon mutagenesis in Mycoplasma hyopneumoniae 
using a novel mariner-based system for generating random mutations. Vet. Res. 
44, 124. doi: 10.1186/1297-9716-44-124 

Maier, T, Marcos, J., Wodke, J. A., Paetzold, B., Liebeke, M., Gutierrez-Gallego, 
R., et al. (2013). Large-scale metabolome analysis and quantitative integration 
with genomics and proteomics data in Mycoplasma pneumoniae. Mol. Biosyst. 
9, 1743-1755. doi: 10.1039/c3mb70113a 

Mutaqin, K., Comer, J. L., Wayadande, A. C, Melcher, U., and Fletcher, J. 
(2011). Selection and characterization of Spiroplasma citri mutants by ran- 
dom transposome mutagenesis. Can. J. Microbiol. 57, 525-532. doi: 10.1139/ 
wl 1-026 

Reznikoff, W. S., Goryshin, I. Y, and Jendrisak, J. J. (2004). Tn5 as a molecular 
genetics tool: in vitro transposition and the coupling of in vitro technologies 
with in vivo transposition. Methods Mol. Biol. 260, 83-96. doi: 10.1385/1-59259- 
755-6:083 

Sharma, S., Markham, P. E, and Browning, G. F. (2014). Genes found essential in 

other mycoplasmas are dispensable in Mycoplasma bovis. PLoS ONE 9:e97100. 

doi: 10.1371/journal.pone.0097100 
Smith, H. O., Glass, J. I., Hutchison III, C. A., and Venter, J. C. (2008). "How many 

genes does a cell need?," in Accessing Uncultivated Microorganisms: From the 

Environment to Organisms and Genomes and Back, ed K. Zengler (Washington, 

DC: ASM Press), 279-299. 
Tomar, S. K., and Artsimovitch, I. (2013). NusG-Spt5 proteins-Universal tools for 

transcription modification and communication. Chem. Rev. 113, 8604-8619. 

doi: 10.1021/cr400064k 
Wach, A., Brachat, A., Pohlmann, R., and Philippsen, P. (1994). New heterologous 

modules for classical or PCR-based gene disruptions in Saccharomyces cerevisiae. 

Yeast 10, 1793-1808. doi: 10.1002/yea.320101310 
Weiner III, J., Herrmann, R., and Browning, G. F. (2000). Transcription 

in Mycoplasma pneumoniae. Nucleic Acids Res. 28, 4488-4496. doi: 

10.1093/nar/28.22.4488 



Frontiers in Microbiology | Systems Microbiology 



July 2014 | Volume 5 | Article 369 | 8 



Karas et al. 



Transposon-mediated complementation in mycoplasma 



Winzeler, E. A., Shoemaker, D. D., Astromoff, A., Liang, H., Anderson, K., Andre, 
B., et al. (1999). Functional characterization of the S. cerevisiae genome by 
gene deletion and parallel analysis. Science 285, 901-906. doi: 10.1126/sci- 
ence.285.5429.901 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 14 June 2014; paper pending published: 25 June 2014; accepted: 02 July 2014; 
published online: 23 July 2014. 



Citation: Karas BJ, Wise KS, Sun L, Venter JC, Glass JI, Hutchison CA III, Smith 
HO and Suzuki Y (2014) Rescue of mutant fitness defects using in vitro reconstituted 
designer transposons in Mycoplasma mycoides. Front. Microbiol. 5:369. doi: 10.3389/ 
fmicb.2014.00369 

This article was submitted to Systems Microbiology, a section of the journal Frontiers 
in Microbiology. 

Copyright © 2014 Karas, Wise, Sun, Venter, Glass, Hutchison, Smith and Suzuki. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original authorfs ) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms. 



www.frontiersin.org 



July 2014 | Volume 5 | Article 369 | 9 



